ABSTRACT: Mammalian cells resist the uptake of nucleic acids. The lipid bilayer of the plasma membrane presents one barrier. Here, we report on a second physicochemical barrier for uptake. To create a sensitive probe for nucleic acid−cell interactions, we synthesized fluorescent conjugates in which lipids are linked to DNA oligonucleotides. We found that these conjugates incorporate readily into the plasma membrane but are not retained there. Expulsion of lipid−oligonucleotide conjugates from the plasma membrane increases with oligonucleotide length. Conversely, the incorporation of conjugates increases markedly in cells that lack the major anionic components of the glycocalyx, sialic acid and glycosaminoglycans, and in cells that had incorporated highly cationic lipids into their plasma membrane. We conclude that anionic oligosaccharides provide a formidable barrier to the uptake of nucleic acids by mammalian cells. This conclusion has implications for genomic stability, as well as the delivery of genes and siRNAs into mammalian cells.
■ INTRODUCTION
The efficient delivery of genes into cells could engender reparative therapies for genetic diseases. 1 The advent of RNAi technology 2 has provoked additional interest in the cellular delivery of nucleic acids. 3 Delivering genes and siRNAs into cells requires that nucleic acids traverse the plasma membrane. A thorough understanding of the interaction of nucleic acids with cell-surface molecules could inspire new strategies for efficient cellular internalization. 4 The mammalian cell surface is analogous to a forest, wherein phospholipid head groups are the floor, extracellular domains of transmembrane proteins are the understory, and oligosaccharides of glycolipids and glycoproteins are the canopy. These oligosaccharides, known collectively as the glycocalyx, constitute the bulk of the material on a cell surface. 5 The glycocalyx is highly anionic, due largely to the presence of sialic acid, which contains a carboxylate group, and glycosaminoglycans (GAGs), which contain both carboxylate and sulfate groups. As expected from Coulomb's law, 6 cationic and neutral molecules are delivered more readily into cells than are anionic molecules. 7 Masking the anionic charge of DNA with a highly cationic lipid (such as Lipofectamine) facilitates the delivery of DNA into cells. 8 To analyze the interaction of nucleic acids with the cell surface, we sought to create an equilibrating system in which nucleic acids could be localized near the glycocalyx without disrupting the biophysical characteristics of either the nucleic acids or the cell surface. We reasoned that the conjugation of a lipid tail onto a DNA oligonucleotide would enable such a system (Figure 1 ). Here, we use fluorescently labeled lipid−oligonucleotide conjugates (LOs) to characterize DNA−glycocalyx interactions. Such conjugates are known to incorporate into the plasma membrane. 9 Our findings provide insight on evolutionary imperatives and suggest new strategies for the cellular delivery of nucleic acids.
■ METHODS
General. 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite, anhydrous dichloromethane (DCM), N,N-diisopropylethylamine (DIEA), and octadecanol were from Sigma−Aldrich (St. Louis, MO). A 2.0 M aqueous solution of triethylammonium acetate (TEAA) was from Glen Research (Sterling, VA). "NH 4 OH solution" refers to a 30% (v/v) solution in H 2 O diluted as specified. All other chemicals and reagents were obtained from commercial suppliers, and used without further purification.
The removal of solvents and other volatile materials "under reduced pressure" refers to the use of a rotary evaporator at water-aspirator pressure (<20 Torr) and a water bath of <40°C.
Instrumentation. NMR spectra were acquired at ambient temperature with a Bruker DMX-400 Avance spectrometer ( Synthesis of Alkylphosphoramidites. Alkylphoshoramidites were synthesized by the route in Scheme 1. 10 As an example, 2-cyanoethyl N,N-diisopropyloctadecylphosphoramidite (R = C 18 H 37 ) was synthesized as follows. Octadecanol (294 mg, 1.09 mmol) was dissolved in anhydrous DCM (13 mL) in a flask under Ar(g). DIEA (350 μL, 2 mmol) was added dropwise, and the reaction mixture was cooled to 0°C. 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite (350 μL, 1.6 mmol) was added dropwise using a glass luer-tipped syringe. After 15 min, the reaction mixture was allowed to warm to room temperature, and then stirred for 3 h. The organic layer was washed with saturated aqueous NaHCO 3 , dried over MgSO 4 (s), filtered, and concentrated under reduced pressure. The product was purified by flash chromatography on silica gel (mesh: 230−400 ASTM), eluting with 10% ethyl acetate/1% triethylamine/hexanes, using silica packed with triethylamine (20% v/v) in hexanes. 
Reverse DNA synthesis was required to conjugate lipids to the 3′ end.
After synthesis, the controlled pore glass was placed in a 4-mL glass vial with 1 mL of undiluted NH 4 OH solution and incubated at 70°C for 2 h. The solution was then passed through a 0.45-μm filter, and dried overnight with a SpeedVac Concentrator (Thermo Scientific, Waltham, MA). The oligonucleotides were dissolved in 0.1 M TEAA in NH 4 OH solution (5% v/v) and sonicated briefly to break up aggregates. The solution was then passed through a 0.2-μm filter and purified by HPLC using an Ultimate 3000 instrument (Dionex Corporation, Sunnyvale, CA) equipped with a Varian PLRP-S column (100 Å, 8 μm, 300 × 75 mm) heated to 50°C. Product was eluted at 3 mL/min with a linear gradient (40−95%) of buffer A (MeOH containing 0.1 M aqueous TEAA) and buffer B (H 2 O containing 0.1 M aqueous TEAA and 1% v/v NH 4 OH solution). Each fraction was analyzed by mass spectrometry to ensure that n − 1 "failure" sequences were not pooled with the intended product. Mass spectrometry was performed using 1 μL of DNA solution, 1 μL of 113 mg/mL ammonium citrate in H 2 O, and 2 μL of 50 mg/mL 3-hydroxypicolinic acid in 1:1 H 2 O/acetonitrile. Each LO had an observed mass within 30 Da of its expected mass. LOs and oligonucleotides were stored at −20°C as a lyophilized powder until used.
Cell Culture. Cell lines were obtained from American Type Culture Collection (Rockville, MD) and were maintained according to the recommended guidelines. Cells were grown in flat-bottomed culture flasks at 37°C under 5% (v/v) CO 2 (g). Cell medium was supplemented with fetal bovine serum (FBS) from Invitrogen (Carlsbad, CA) (10% v/v), penicillin (100 units/mL), and streptomycin (100 μg/mL) in the appropriate cellular medium as follows: HeLa, Dulbecco's modified Eagle's medium (DMEM); K-562, Roswell Park Memorial Institute 1640; Pro-5, Minimum Essential Medium (MEM) α + ribonucleosides + deoxyribonucleosides; Lec-2, MEM α − ribonucleosides − deoxyribonucleosides; Chinese hamster ovary (CHO)-1, F-12; and CHO-745, F-12. Cells were counted by hemocytometry for dispensing into 6-well plates, 12-well plates (Corning Costar, Lowell, MA), or 8-well chambered coverglass slides (Nuc Lab-Tek II, Thermo Scientific).
Incorporation of LOs into the Plasma Membrane. On the day prior to an experiment, lyophilized stocks of purified DNA were suspended in autoclaved water, and DNA concentrations were determined by absorbance at 260 nm using extinction coefficients calculated with the program SciTools OligoAnalyzer 3.1 (Integrated DNA Technologies, Coralville, IA), with the assumption that the lipid tails do not alter the absorbance of the conjugates. Aliquots of the DNA were put into microcentrifuge tubes and dried overnight with a SpeedVac Concentrator. Fifteen minutes prior to incubation with cells, LO aliquots were suspended in 400 μL of cell medium giving a final concentration of 10 μM LO (unless indicated otherwise), and these solutions were warmed to 37°C.
Nonadherent Cells. One day prior to the experiment, 6 × 10 5 cells were placed into each well of a 6-well plate. On the day of the experiment, cells were washed twice with phosphate-buffered saline, as follows. Cells were removed from the well and collected by centrifugation in a 1.7-mL tube for 5 min at 1000 rpm. The supernatant was removed, and the cells were suspended in 1.5 mL of PBS. This process was repeated once more. Then, cells were suspended in 400 μL of cell medium containing LO at the indicated final concentration and incubated for 10 min at 37°C. The cells were collected by centrifugation at 1000 rpm for 5 min, washed twice with PBS as described previously, suspended in 400 μL of medium, added to flow cytometry tubes, and stored on ice until analyzed by flow cytometry.
Adherent Cells. One day prior to the experiment, approximately 2 × 10 5 cells were added to the wells of 6-well plates. On the day of the experiment, the medium was removed, and the cells were rinsed twice with 1 mL of PBS. After the PBS was removed, a 400 μL suspension of LO in cell medium (unless indicated otherwise) was incubated with the cells at 37°C for 15 min. The LO suspension was then removed, and the cells were rinsed twice with 1 mL of PBS and incubated with 400 μL of 0.05% (w/v) trypsin with EDTA for 10 min at 37°C. The cell suspension was removed from the 6-well plate, added to flow cytometry tubes containing 80 μL of FBS, and stored on ice until analyzed by flow cytometry.
Lipofectamine. LOs were incorporated into the plasma membrane of adherent cells as described above except that after the first two PBS washings, the cells were incubated for 15 min with 400 μL of cell medium and the indicated amount of Lipofecamine 2000 (Invitrogen), washed twice with PBS, and then incubated with 400 μL of cell medium containing LO. The remainder of the experiment was done as described above.
Retention of LOs in the Plasma Membrane. Cells were labeled as described previously except that after the 15-min incubation period, the cells were washed twice with 1 mL of PBS and incubated for the indicated time in medium containing FBS (10% v/v). After the incubation period, the cells were washed twice with 1 mL of PBS, placed directly in flow cytometry tubes, and stored on ice until analyzed by flow cytometry. If the cells were adherent, then they were washed twice with 1 mL of PBS and incubated with 400 μL of trypsin/ EDTA (Invitrogen) for 10 min at 37°C. The cell suspensions were removed and added to flow cytometry tubes containing 80 μL of FBS and stored on ice until analyzed by flow cytometry.
Confocal Microscopy. HeLa cells were plated on Nunc Lab-tek II 8-well chambered coverglass 24 h before use and grown to 80% confluency. Cells were incubated with the LO at the indicated concentrations, medium conditions, and times. Cell nuclei were stained with Hoechst 33342 (Invitrogen; 2 μg/mL) for the final 15 min of incubation. Cells were then washed twice with PBS, suspended in PBS, and examined with confocal microscopy.
Flow Cytometry. Fluorescein was excited with a 488-nm solidstate laser, and the emission was collected with a 530/30 band-pass filter. To collect comparable data in each flow cytometry experiment, the sensitivity (i.e., voltage) of the photomultiplier tube was set for all data collections using midrange Rainbow beads (Spherotech, Lake Forest, IL) to give a predetermined fluorescence target value of 2511. At least 10 000 cellular events were acquired for each sample. Additionally, at least 5000 events of Quantum FITC MESF (fluorescein isothiocyanate molecules of equivalent soluble fluorochrome) high beads (Bangs Laboratories, Fishers, IN) were acquired for each experiment. Data were analyzed with FlowJo 8.1.3 software (Treestar, Ashland, OR). The relative fluorescence units (RFU) of the LO FITC fluorescence was normalized to MESF beads to calculate how many FITC molecules were affiliated with each cell. There was one FITC molecule per LO, enabling quantification of LOs/cell.
siRNA Transfection. The transfection efficiency of Lec-2 and Pro-5 cells was assessed with a TransIT-siPAK Plus Kit (Mirus Bio, Madison, WI). The day prior to the experiment, 10 5 cells/well were plated in a 12-well plate, which gave ∼80% cell confluency on the day of the experiment. Transfection of fluorescently labeled siRNA (25 nM) was assessed by using TransIT-siQUEST concentrations 1× (that is, 1 μL) and 6× (6 μL), and TransIT-TKO concentrations 1× (2 μL) and 4× (8 μL).
■ RESULTS

LO and Medium Attributes That Affect Incorporation.
Our initial experiments used confocal microscopy to observe the interaction of synthetic LOs (Table 1) with live mammalian cells. We found that LOs were incorporated into the plasma membrane in a concentration-dependent manner that relied on the presence of the lipid tail ( Figure S1, panel A) . LOincorporation occurred within an hour of incubation, regardless of the presence of serum in the medium ( Figure S1, panel B) .
Next, we used flow cytometry to obtain quantitative data on the interaction of LOs with cells. We found the concentrationdependence of LO-incorporation to be indistinguishable in two distinct cell types (Figure 2 ) and the rate of LO-incorporation to decrease with time, indicative of steady-state equilibration ( Figure S2 ). The extent of LO-incorporation depends on the medium, decreasing in the order: PBS > DMEM > PBS containing FBS (10% v/v) > DMEM containing FBS (10% v/v) ( Figure S3 ). To confirm that LOs partition between the aqueous phase and the cell surface, we replaced the medium from LO-labeled cells and observed a gradual loss of LO incorporated/cell as LOs diffused out of the plasma membrane and into the fresh medium to establish a new equilibrium (Figure 3) . A LO containing 24 nucleotides and a 1,2-Odioctadecyl-rac-glycerol lipid (which contains two C 18 tails) was retained only ∼3-fold longer by HeLa cells than was LO 3 (data not shown). We note that this intrinsic instability could confound efforts to exploit LOs incorporated into cellular membranes. 9 We sought to discern whether the anionic components of the cell surface repel LOs. We did so by measuring the dependence of LO-incorporation on the length of the oligonucleotide. Regardless of its sequence, the incorporation of a LO correlates inversely with the number of its phosphoryl groups (Figure 4 ). Tan and co-workers observed a similar trend, concluding that longer LOs form larger micelles and that larger micelles fuse less well with the cell surface. 9d We favor an alternative explanationlonger oligonucleotides contain more anionic phosphoryl groups that are repelled by the anionic glycocalyx. For example, we observed this correlation for duplex 13 GCGGCTTGGAAAAAAAAAAAAAAAF a F = 6-carboxyfluorescein; L n = alkyl chain with n carbons. oligonucleotides formed by preincubation of a LO (12) with its reverse-complement oligonucleotide (13) (Figure 4) . We also sought to determine whether the hydrophobic effect 11 drives LO-incorporation into the plasma membrane. We found that LO-incorporation correlates strongly with lipid length: no lipid < C 12 < C 18 ≪ C 26 ( Figure S4 ). Moreover, an LO (11) containing a long lipid tail (C 26 ) still displays characteristic re-equilibration after medium replacement ( Figure S5) . Cellular Attributes That Affect Incorporation. The major anionic components of the glycocalyx are sialic acid and GAGs. To assess their effect on LO-incorporation into cellular membranes, we used mutant cell lines deficient in sialic acid and GAG expression ( Figure 5 ). Lec-2 cells are Pro-5 CHO cells with a mutation in the gene encoding a sialyltransferase, the transporter of CMP−sialic acid from the cytosol to Golgi vesicle. 12 These cells have diminished sialic acid in their glycans. As shown in Figure 5A , sialic acid hinders LO-incorporation into cells. 13 Likewise, CHO-745 cells have lowered expression of heparan sulfate and chondroitin sulfate due to a mutation in xylosyltransferase, the enzyme that initiates the biosynthesis of these GAGs.
14, 15 As shown in Figure 5B , these GAGs diminish LO-incorporation. 13 To validate that the anionic glycocalyx repels LOs from the cell surface, we used a chemical approach. Specifically, we reduced the net anionic charge of the glycocalyx by preincubating HeLa cells with varying amounts of Lipofectamine 2000, and then observed LO-incorporation ( Figure 6 ).
We observed a direct correlation between the amounts of Lipofectamine 2000 preincubated with the cells and LO incorporation. 13 The results of this chemical experiment, in addition to those from the genetic experiment, led us to conclude that the anionic components of the glycocalyx deter nucleic acids from mammalian cells.
Finally, we were aware that cell-surface GAGs are known to diminish the efficiency of transfection. 15 To complete our analysis, we investigated the effect of sialic acid on the efficiency of siRNA delivery. Even though these experiments were performed in the presence of a transfection reagent that masks deleterious Coulombic interactions, we found that sialic acid, like GAGs (Figure 5 ), diminishes the efficiency of transfection (Figure 7) . 13 
■ DISCUSSION
Many important biomolecules contain phosphoryl groups, which are hydrophilic and anionic. 16 The plasma membrane of mammalian cells presents two potential barriers to the entry of such groups: a bilayer of lipids and anionic glycans (Figure 1) . Our data indicate that the anionic glycocalyx repels the phosphoryl groups of nucleic acids.
The "double barrier" encountered by extracellular DNA and RNA could serve to facilitate the evolution and maintenance of stable genomes. Conversely, organisms that do not express anionic components of the glycocalyx could have more vulnerable genomes and should be more susceptible to gene knockdown by RNAi. Interestingly, Caenorhabditis elegans nematodes do not express the enzymes necessary for sialic acid production. They also do not express keratan sulfate, dermatan sulfate, or hyaluronan, and they lack the sulfotransferases and epimerases necessary to add sulfuryl groups to chondroitin sulfate. 5 Thus, the cells of C. elegans could have a substantially less anionic glycocalyx than those of mammals. C. elegans is the prototypical organism for gene knockdown by RNAi. 17 This capability has been attributed to its SID-1 protein, which shuttles siRNA across cellular membranes. 18 We propose that C. elegans is especially susceptible to RNAi because of diminished Coulombic repulsion between its glycocalyx and RNA, enabling RNA to diffuse more readily to the SID-1 transporter.
Most species, including mice and humans, have orthologs to SID-1. 19 Yet, systemic knockdown of gene expression by RNAi is facile only in C. elegans, flatworms, and a few insect species. 17, 20 The human SID-1 homologue SIDT1 is expressed in most tissues. 21 When overproduced in pancreatic ductal adenocarcinomacells, SIDT1 delivers siRNA into cells more efficiently than do transfection reagents. 22 Additionally, SIDT1 has been demonstrated to be essential for siRNA delivery into human primary hepatocytes in vitro. 23 To access SIDT1, siRNA must diffuse through the anionic glycocalyx. Our data suggest that a small-molecule inhibitor of sialic acid biosynthesis could enable siRNA to reach SIDT1 more efficiently.
■ CONCLUSIONS
We have provided a detailed analysis of the interaction of a nucleic acid with the canopy of mammalian cellsthe glycocalyx. We demonstrated that the anionic charge associated with a nucleic acid correlates inversely with its affinity for the glycocalyx. Additionally, we established that reduction of the anionic charge on the cell surface (genetically with the Lec-2 and CHO-745 cell lines, or chemically upon addition of Lipofectamine 2000) enhances LO-incorporation into cellular membranes, providing direct evidence that the anionic glycocalyx repels nucleic acids. We propose that an evolutionary imperative of the anionic glycocalyx is to ensure genomic stability by deterring the approach of exogenous nucleic acids while retaining endogenous ones. Finally, we encourage a search for small-molecule inhibitors of sialic acid biosynthesis, which could enhance the efficiency of the cellular delivery of nucleic acids. 
■ ACKNOWLEDGMENTS
We are grateful to S. Kennedy, N. Burton, B. R. Caes, and A. Choudhary for contributive discussions. M.J.P. was supported by Molecular and Cellular Pharmacology Training Grant T32 GM008688 (NIH) and predoctoral fellowship 09PRE2260125 (American Heart Association). This work was supported by Grants R01 CA073808 and R01 GM044783 (NIH).
